Hybrid dysgenesis is a sterility syndrome resulting from the mobilization of certain 3 transposable elements in the Drosophila germline. Particularly extreme is the hybrid 4 dysgenesis syndrome caused by P-element DNA transposons, in which dysgenic 5 female ovaries often contain few or no germline cells. Those offspring that are 6 produced from dysgenic germlines exhibit high rates of de novo mutation and 7 recombination, implicating transposition-associated DNA damage as the cause of 8 germline loss. However, how this loss occurs, in terms of the particular cellular 9 response that is triggered (cell cycle arrest, senescence, or cell death) remains 10 poorly understood. We demonstrate that two components of the DNA damage 11 response, Checkpoint kinase 2 and its downstream target p53, are determine the 12 frequency of ovarian atrophy that is associated with P-element hybrid dysgenesis. 13
INTRODUCTION 1 2
Transposable elements (TEs) are mobile genetic parasites that ensure their 3 spread through host populations by replicating in germline cells. This selfish 4 replication not only harms the host by producing deleterious mutations that are 5 transmitted to offspring (Dupuy et al., 2001; Spradling et al., 1999) , it can also 6 decrease host fertility by disrupting gametogenesis (Josefsson et al., 2006; Orsi et al., 7 2010; Schaefer et al., 1979) . This is particularly clear with hybrid dysgenesis, a 8 sterility syndrome of Drosophila caused by the unregulated transposition of certain 9 TE families in germline cells Bucheton et al., 1984 ; Evgen'ev 10 et al., 1997; Hill et al., 2016; Rubin et al., 1982; Yannopoulos et al., 1987) . The hybrid 11 dysgenesis syndrome imposed by P-element DNA transposons is particularly 12 dramatic, causing females to have small atrophied ovaries that contain few or no 13 germline cells (Dorogova et al., 2017; Schaefer et al., 1979) . While the DNA damage 14 associated with P-element transposition is thought to precipitate germline loss 15 (Khurana et al., 2011) , the cellular mechanisms that are responsible remain poorly 16 understood (Dorogova et al., 2017 ; reviewed in Malone et al., 2015) . 17 The DNA damage response (DDR) is a network of cellular pathways that 18 detects and integrates DNA damage signals and determines cellular responses. In 19 the Drosophila female germline, DNA damage is known to induce both cell-cycle 20 arrest and apoptosis (Hassel et al., 2013; Shim et al., 2014) , which could explain the 21 absence of developing egg chambers in the presence of rampant transposition. In 22 particular, the DDR inducer Checkpoint kinase 2 (Chk2) and its downstream effector 23 generously provided by Richard Meisel. ep(2)1024/cyo;Hsp70-Gal4 was generously 10 provided by Haifan Lin (Cox et al., 2000) . Two p53 biosensors, rpr-GFP-cyt and rpr-11 GFP-nuc, were generously provided by John Abrams. 12 To extract the loss of function mutations into a Harwich genetic background, 13
we first extracted 2 nd (Cyo) or 3 rd Crosses. To evaluate the effects of DDR loss-of -function mutations on dysgenic 3 ovarian atrophy we compared F1 offspring of crosses between M strain females that 4 lack P-elements or maternally transmitted P-element regulation, and P strain males 5 that contain active genomic P-elements that can induce hybrid dysgenesis (reviewed 6 in Kelleher, 2016). To detect dominant effects, we crossed heterozygous females 7 (DDR mutant/balancer, M background) to Harwich males. To evaluate the recessive 8 effects we crossed heterozygous females (DDR mutant/balancer, M background) in 9
to heterozygous (DDR mutant/balancer) Harwich (P) males. These crosses were 10 performed and offspring were reared at 25°C, as we have previously observed that 11 this temperature is optimal for revealing variation in the severity of dysgenesis 12 (Srivastav and Kelleher, 2017) . 13
To evaluate the effect of Piwi overexpression in somatic tissues, 14 ep(2)1024/cyo;Hsp70-Gal4 were crossed to Harwich and Canton-S males at 25°C. F1 15 female offspring were reared at 25°C, but exposed to a 1hr heat-shock (37°C) every genomic P-elements and maternally transmitted P-element regulation, and P strain 15 that carry a large number of active P-elements ; reviewed in 16 Kelleher, 2016) . We first considered the role of the DDR in dysgenic germline loss by 17 determining whether loss-of-function alleles in DDR components are associated 18
with an altered frequency of the ovarian atrophy phenotype. In addition to mnk/loki 19 and p53, we also examined alleles of grapes, which encode the DDR inducer 20
Checkpoint kinase 1 (Chk1). grapes works synergistically with mnk/loki in mitotic 21 arrests in the female germline (Shim et al., 2014) . 22
All the mutant alleles we examined were generated and maintained in M 1 backgrounds (Bellen et al., 2004; Koundakjian et al., 2004; Rong et al., 2002; Rørth, 2 1996) . We therefore looked for dominant effects of DDR alleles by examining the F1 3 offspring of heterozygous (mutant/balancer, M strain) females crossed to males of 4 the reference P strain Harwich (Kidwell et al., 1977) . For two separate alleles of 5 grapes, a single allele of mnk/loki, and a single allele of p53 (p53[5A-1-4]) we 6 detected no dominant effects, as heterozygous F1 offspring (mutant/+) did not differ 7 from their wild-type siblings (balancer/+, Figure 1A ). A second p53 allele (p53 [11-8 1B-1] ) was associated with a marginally significant increase in dysgenic ovarian 9 atrophy (p = 0.06), suggesting it is a mild dominant enhancer of ovarian atrophy. 10
To look for recessive effects, we crossed M strain female heterozygotes 11 (mutant/balancer) to P strain male heterozygotes (mutant/balancer), from stocks 12 we generated by extracting the mutant and balancer chromosomes into the Harwich 13 background. We observed strong recessive effects of mnk/loki alleles on the 14 frequency of dysgenic ovariation atrophy ( Figure 1B 
{
Fisher's exact test, and is indicated by the following notation. * denotes p > 0.05, ** 1 denotes p > 0.01, *** denotes p > 0.001, N.S. denotes non-significant. involving Harwich males, but never in the non-dysgenic crosses involving Canton-S 20 males (Figure 2A-C) . This phenotype was incompletely penetrant, with 48% of F1 21 dysgenic germaria exhibiting GFP positive cells, as compared to 0% of non-dysgenic 22 females. Incomplete penetrance of p53 induction could suggest that DNA damage 23 associated with hybrid dysgenesis varies from cell-to-cell, but could also reflect 1 stochastic excision of the biosensor transgene, which would be unstable in a P-2 dysgenic germline. Regardless, our observations suggests that p53 transcriptional 3 regulation is induced by P-element activity in mitotically dividing GSCs and CBs, 4 which is consistent evidence that P-elements often transpose in mitotic germline 5 cells (Engels et al., 1990 ). meiotic arrest in oogenesis. However, a recent study suggests that in mutants that 3 are defective in TE regulation, p53 is also required for GSC maintenance (Ma et al., 4 2017) . Consistent with a role in GSC maintenance, we observed that germline cells, 5
including GSCs, were almost completely absent from the atrophied ovaries from p53 6 transheterozygous dysgenic females ( Figure 4A ). By contrast, p53 heterozygotes 7 frequently exhibited developing oocytes at all stages, including GSCs ( Figure 4C ). 8
Although we observed no evidence for normal oogenesis at any stage in the 9 atrophied ovaries of p53 transheterozygous dysgenic females, we did encounter a 10 number of isolated cells the express the germline-specific marker Vasa ( Figure 4B ). 11
However, these cells did not exhibit the spectrosome structures that are 12 characteristic of GSCs or CBs, nor were they found in multicellular cysts that 13 characterize subsequent stages of oogenesis. The origin of these germline cells is 14 unclear, but they suggest a disruption in the early oogenesis, in which stem cell 15 identity is lost, but mitotic divisions and differentiation do not occur. which is found in germline cells and the ovarian sheath, is shown in green. Hts-1B1, 3 which is found in circular spectrosomes in GSCs and CBs, as well as somatic cells 4 that surround the developing egg chamber, is shown in magenta. DAPI-stained DNA 5 is shown in blue. A) Atrophied ovaries from transheterozygous p53 dysgenic 6 females contain empty ovarioles that lack Vasa-positive germline cells. B) 7
Occasional isolated germline cells, lacking spectrosomes, are found in p53 8 transheterozygous dysgenic ovaries. C) Ovaries of p53 heterozygotes often exhibit 9
GSCs and CBs in germaria, as well as developing egg chambers. in GSCs and CBs may therefore act as a trigger, which, in the absence of p53 releases 7 regulation of retrotransposons, causing enhanced DNA damage and germline loss. 8 9 ACKNOWLEDGEMENTS 10
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